Introduction {#S0001}
============

A microbiome is a comprehensive term that represents all the components of the host, microorganism genomes, and environmental conditions within a particular habitat. In humans, body systems that have traditionally been considered sterile, such as the urinary tract, have been found to be complex microenvironments, home to unique sets of bacterial communities.[@CIT0001] Standard bacterial cultures used to identify urinary pathogens such as *Escherichia coli* and *Enterococcus faecalis* have traditionally isolated fast-growing organisms involved in the development of urinary tract infections. However, organisms such as *Lactobacillus* and *Ureaplasma* are slow-growing and standard methodology is not designed to grow these species.[@CIT0002],[@CIT0003] Yet, advancements in molecular target analysis technology, such as 16S rRNA gene sequencing, has allowed for the identification of a wide variety of naturally occurring species and led to the understanding of the complex composition of the human urinary tract.

Human microbiota have been shown to play an important role in homeostasis by regulating health and disease. Potential roles of the urinary microbiota include production of neurotransmitters, competition with pathogens for resources, epithelial junction maintenance, priming of host immune defenses, and creation of a barrier to uroepithelium, amongst others.[@CIT0004],[@CIT0005] With respect to the genitourinary tract, research has already shown altered microbiota in individuals with neurogenic bladder dysfunction,[@CIT0006] incontinence,[@CIT0007] and other benign conditions.[@CIT0008] However, despite research that has linked microbiota to the development of cancers of many non-genitourinary organs,[@CIT0009] there is a dearth of translational investigation regarding the relationship between the urinary microbiota and bladder cancer.

Investigation into this subject has been limited and conflicting thus far. Patients with pre-existing known bladder cancer have inconsistently been shown in studies to have alterations in urinary tract microbiota; however, the studies have been underpowered and difficult to interpret amongst confounding factors.[@CIT0010]^−^[@CIT0012] One such confounder, tobacco smoking, has long been an established risk factor for the development of bladder cancer[@CIT0013] and has been shown to alter microbiomes in other non-urologic oncologic investigations.[@CIT0014],[@CIT0015] From our literature search, there has been no similar study that investigates the relationship of smoking on the urinary microbiome, or specifically in relation to the development of bladder cancer.

We sought to contribute to the overall understanding of the urinary microbiota specifically in patients undergoing evaluation for possible bladder cancer, stratified by risk exposure to smoking.

Materials and Methods {#S0002}
=====================

Study Design {#S0002-S2001}
------------

As hematuria is the most common presenting symptom of bladder cancer and results in a urologic evaluation, these patients who presented to our institution were recruited for our study. Written informed consent in compliance with Declaration of Helsinki was obtained in a sequential manner under this Lahey Hospital & Medical Center Institutional Review Board approved study. Patients provided a mid-stream voided urine sample in the ambulatory care setting prior to diagnostic flexible cystoscopy, which is standard practice for hematuria workup. Inclusion criteria included males greater than 18 years old who presented to outpatient urology clinic for evaluation of either gross or microscopic (≥3 red blood cells per high-powered field) hematuria, according to American Urological Association guidelines. Exclusion criteria included those with urolithiasis on computed tomography scan for hematuria evaluation, probiotic use, nitrite positive urinalysis, previous antibiotic use within 6 months prior to presentation, instrumentation of lower urinary tract within past year, or a previous diagnosis of urothelial carcinoma, or history of overactive bladder or urge incontinence. Those who met the study criteria were included in the final study population. Additionally, patients who subsequently underwent cystoscopic transurethral resection of a bladder tumor were followed to determine the presence of pathologically confirmed urothelial carcinoma. Patient demographics were collected through a retrospective review.

Sample Collection and DNA Isolation {#S0002-S2002}
-----------------------------------

Mid-stream urine samples were collected from patients who met study criteria and stored for up to one hour at 2--8°C before frozen to −80°C. Prior to analysis, samples were then thawed at 2--8°C and centrifuged at 4°C for 15 mins to form a pellet. The pellet was used for bacterial genomic DNA extraction using the PowerMag Soil DNA Isolation Kit (Catalog No. 27100; MO BIO Laboratories, Qiagen Inc., Carlsbad, CA). Negative extraction controls were used to reduce the influence of potential contamination on our analysis.

PCR Amplification, Purification, and Sequencing {#S0002-S2003}
-----------------------------------------------

The 16S rRNA gene sequencing methods have been adapted from methods developed for the NIH-Human Microbiome Project and were conducted by Diversigen, Inc (Houston, TX).[@CIT0016],[@CIT0017] The 16S rRNA hypervariable region V4 is amplified from the extracted community DNA by PCR and sequenced in the MiSeq platform (Illumina) using the 2x250 bp paired-end protocol. This generates paired end reads that overlap almost completely. The primers used for amplification contain adapters for MiSeq sequencing and single-end barcodes allowing pooling and direct sequencing of PCR products.

DNA from extracted samples is amplified using Invitrogen's AccuPrime High Fidelity kit (Catalog No. 12346094). Each PCR reaction is prepared by combining 16 μL of the master mix (13.85 μL water + 2 μL 10 × reaction buffer + 1.5 μL Taq DNA polymerase), 2μl template DNA, 2 μL forward (515F) and reverse (806R) primers. PCR primers used for amplification incorporate adapters enabling DNA sequencing of the amplified product using an Illumina MiSeq.[@CIT0018] Primer sequences are shown below:

515F:

5ʹ AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGCGGTAA 3ʹ

806R:

5ʹ CAAGCAGAAGACGGCATACGAGATTCCCTTGTCTCCAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT '3

The DNA samples are amplified using the following thermocycler conditions: Initial denaturation at 95°C for 2 mins followed by 33 amplification cycles of 20 s at 95°C, 45 s at 50°C, 90 s at 72°C followed by a final extension at 72°C for 10 mins. The PCR product is purified using the QIAquick PCR purification kit (Catalogue\# 28104) and the yield is quantified using Invitrogen's Quant-iT Picogreen dsDNA assay kit (Catalogue \# P7589). Amplicons are pooled, barcoded, and cleaned using the Invitrogen charge switch kit for 16S rRNA sequencing.

Compositional Analysis {#S0002-S2004}
----------------------

The 16S rRNA gene analysis pipeline utilizes a combination of public tools and custom analytic packages developed at Diversigen to provide summary statistics and quality control measurements for each sequencing run, as well as multi-run reports and data-merging capabilities for validating built-in controls and characterizing microbial communities across large numbers of samples or sample groups.

The 16S pipeline incorporates phylogenetic and alignment-based approaches to maximize data resolution. The read pairs are demultiplexed based on their unique molecular barcodes, denoised and merged using DADA2,[@CIT0019] and subject to chimera removal using VSEARCH.[@CIT0020] 16S rRNA gene sequences are clustered into Operational Taxonomic Units (OTUs) at a similarity cutoff value of 97%. Taxonomic identities are assigned to each out using the scikit-learn classifier and an optimized, variable region-specific version of the SILVA Database.[@CIT0021] Custom scripts construct a rarefied OTU table from the output files generated in the previous two steps for downstream analyses of alpha-diversity, beta-diversity, and phylogenetic trends.[@CIT0022] Alpha-diversity is used to describe the bacteria within the sample with regard to the number of species in the community and how close in numbers each species are to given a representation of species diversity. On the other hand, beta-diversity is a comparison of the resemblance of the bacterial communities between the different samples. Downstream statistical analysis and data visualization performed in R and SPSS. The continuous variables were compared between groups using a two-tailed independent sample Mann--Whitney *U*-test or the Kruskal--Wallis test, as appropriate. Categorical variables were analysed using Chi-squared tests or Fisher's Exact Test, as appropriate. A P-value less than 0.05 was considered statistically significant, and adjusted for multiple comparisons using the Benjamini-Hochberg procedure.

Results {#S0003}
=======

Urine samples were obtained from 43 consecutively enrolled patients that met the study criteria. Two of these samples were later excluded because of too few sequencing reads. Of the 41 samples retained in the analysis ([Table 1](#T0001){ref-type="table"}), 24 were from patients that reported not having a history of smoking while 17 were from current or former smokers (4 and 13, respectively). Not surprisingly, there was a significantly higher proportion of patients subsequently diagnosed with bladder cancer in smokers vs non-smokers (35% vs 8%, respectively). Although age was not significantly different between the groups (p=0.190), there was a greater range of age in the non-smoking group, because three of these patients were under the age of 50. Consistent with previous studies that demonstrated higher prevalence rates of microscopic hematuria in males over the age of 60 with a history of smoking, those with a smoking history in our population had a higher proportion of patients who presented with microscopic compared to gross hematuria (88% vs 63%).Table 1Clinical and Demographic Characteristics for the Patients Providing Samples for This StudyCharacteristicNever SmokerEver SmokerP-valueNumber of samples2417Age, year, median (range)61 (22--84)67 (51--87)0.190BMI, kg/m^2^, median (range)27.9 (20--36.7)27 (22.3--32.6)0.705Anticoagulation/Antiplatelet, n (%)12 (50)9 (53)0.853Bladder cancer, n (%)2 (8)6 (35)0.049Diabetic, n (%)4 (17)0(0)0.128Hematuria_G16 (67)8 (47)0.209Hematuria_M15 (63)15(88)0.085

Two subgroups of particular interest were those with a smoking history and those found to have a pathologically proven new diagnosis of urothelial carcinoma. To determine a potential relationship, the subgroups were analyzed with a weighted UniFrac statistical method, which takes OTU presence and abundance into account and thereby helps to represent the community in the sample. When stratified by smoking, there was no significant difference in alpha or beta-diversity detected after false discovery rate (FDR) corrections between the smoking status. Specifically, there was no detected significant beta-diversity of those with any prior or current smoking history and those without a smoking history when analyzed with weighted UniFrac methodology (p=0.097). Subgroup analysis of those with bladder cancer did not reveal any significant difference in the alpha- or beta-diversity. Weighted UniFrac analysis of the beta-diversity between those with (n = 8) and without (n= 35) cancer did not reveal any significant difference in bacterial presence or abundance (p = 0.472) with principal coordinate analysis showing no significant clustering between either group ([Figure 1](#F0001){ref-type="fig"}).Figure 1Alpha- and beta-diversity measurements for the groups in this study. No significant differences were observed in alpha-diversity measurements between never and ever smokers (**A**) nor patients with or without bladder cancer (**B**). No significant differences were observed in weighted UniFrac beta-diversity measurement between never and ever smokers (**C**) nor patients with or without bladder cancer (**D**).

An evaluation of the relative abundance of specific phyla for our samples overall revealed *Firmicutes, Proteobacteria*, and *Bacteroides* as the most abundant. Focusing on the genera for overall samples demonstrated *Turicibacter, Lactobacillus*, and *Bacteroides* were most common. On subgroup analysis, there were no significant differences either based on tobacco smoking history or cancer diagnosis after false discovery rate corrections ([Figure 2](#F0002){ref-type="fig"}). There was wide variability in the inter-sample species variability, as is reflexed in the insignificant beta-diversity analysis.Figure 2Relative abundance of phyla (**A**) and genera (**B**) between those with and without smoking history. Relative abundance of phyla (**C**) and genera (**D**) between those with and without bladder cancer.

Discussion {#S0004}
==========

Our investigation of the urinary microbiome utilized 16S rRNA genomic sequencing to characterize the microbiome of patients presenting with hematuria for urologic evaluation. We were unable to demonstrate a significant difference in our sample of chronologically sequential specimens between patients who had a history of smoking or in those who were newly diagnosed with bladder urothelial carcinoma. Our cohort consisted entirely of males by design, but were also primarily in the seventh decade of life and overweight. We chose to exclusively study male patients as the female urinary microbiome has been found to be inherently different,[@CIT0002] likely due to hormonal and anatomic influences. With regard to our cohort mean age, our findings showed a lack of observed difference between those with similar mean age. Similar to Dong et al, we found a high relative abundance of *Lactobacillus;*[@CIT0023] however, we differ from previous reports in finding a high abundance of *Turicibacter* and *Bacteroides*.

We employed more stringent exclusion criteria than previous investigations of the UM by other authors with the goal of helping eliminate confounding factors affecting the UM. We excluded patients that had radiographic evidence of urolithiasis due to the emerging research that the urinary and intestinal microbiomes are associated with urinary stone formation, indicating that unique groups of bacteria are likely present in those with urinary stone disease and could potentially impact our findings.[@CIT0024] Patients with UTIs identified through standard laboratory means within the past 6 months were excluded from this study to reflect the numerous publications that demonstrate the incidence of UTIs is associated with changes in microbial diversity.[@CIT0005],[@CIT0007] Those patients with documented overactive bladder or urinary incontinence were also excluded given recent findings that demonstrate a variation of UM species in those with these conditions.[@CIT0025],[@CIT0026] Probiotic use is thought to alter urogenital microbiota in small clinical studies and molecular biology investigations.[@CIT0027] Additionally, the administration of *Lactobacillus casei* has been shown to alter the recurrence of superficial bladder cancer,[@CIT0028] so patients who reported taking an oral probiotic were not incorporated into our study. Lastly, previous studies that have looked at microbiota and bladder cancer have used patients with pre-existing urothelial carcinoma and it is therefore unclear whether any observed changes in the microbiome are secondary to the malignancy or are contributing to the development of the disease process. Through careful patient selection, our work hopes to further contribute to the growing body of evidence that seeks to understand this relationship.

To our knowledge, a focus on the effect of smoking on the human UM has not been studied before. Other authors have attempted to study the effect of smoking on bladder cancer protein expression[@CIT0029] and gene mutations;[@CIT0030],[@CIT0031] however, the importance of these molecular alterations in patients with bladder cancer with a smoking history is unclear. Since bacteria and microbial processes are known to interact with environmental exposures that can lead to human disease and immunological function,[@CIT0009] we hypothesized there would be a difference in the bacterial community in those with a smoking history. However, our study found no significant differences in terms of alpha diversity, beta diversity, or taxonomy after FDR corrections. This warrants further attention with a larger study population to not only validate these findings, but seek to better understand the potential role of metabolic byproducts of tobacco consumption on the pathophysiology of bladder cancer.

Our subgroup analysis of the small number of patients with biopsy-proven urothelial carcinoma in our study additionally found no significant difference in the microbial communities between those with cancer and those without. A recent study by Wu et al in China compared a small group of patients with variable grades of bladder urothelial cancer against controls evaluated for non-neoplastic processes and found both increased bacterial richness and a dysbiosis of urinary microbial communities in the cancer group.[@CIT0032] Our study was unable to conclude this difference. Conversely, Bucevic Popovic et al in Croatia similarly studied the urinary microbiome with regard to bladder cancer and found no significant difference in those with and without cancer.[@CIT0011] It is unclear what role ethnicity, geographics, diet, and other patient characteristics plays in the urinary microbiome that may lead to our conflicting results in the context of previously published literature. Additionally unclear is at what point a potential dysbiosis of the urinary microbiome might play on malignant pathophysiology. This question thus far seems not to be addressed in the available literature and we hoped our study can contribute to this discovery. Based on our admittedly small subgroup, we would think that it is actually the neoplastic process that causes a shift in microbial diversity rather than the shift being the instigating feature.

There are several limitations to our study. First, this is a small sample size and as a result the findings are observational and often do not meet strict scientific statistical significance. We hope to augment our cohort with a larger sample size and prolonged follow up to both strengthen our findings and determine if any of the initially negative evaluations eventually develop a urothelial malignancy. Additionally, we used mid-stream urine samples to collect our specimens, which introduces the possibility of distal urethra and urogenital skin contamination.[@CIT0008],[@CIT0012] We chose this method rather than more invasive approaches such as catheterization or suprapubic aspiration due to its practicality and potential to be used as a non-invasive diagnostic tool. Interpretation of our results must also be undertaken cautiously, as we are sampling from the unique geographic and demographic cohort that our institution serves, and there are likely differences in microbiota across different diets, geographies, and other yet to be identified influences. There we also did not use duplicate or triplicate samples to confirm the lack of sample contamination. Finally, our study focused on bacterial communities and did not specifically address the urinary mycobiome or virome that, although less abundant than bacteria, may play a role in the microbial balance.

A better understanding of the male microbiome presenting for potential bladder cancer evaluation and the potential existence of differential microbiomes carries multiple clinical implications. First, there is great potential to augment current diagnostic tools both in the smoking and non-smoking population by comparing microbiomes. Diagnostic techniques for bladder cancer rely on surveillance and repeat biopsies, but predictive models and tests are currently either poor or nonexistent. A relatively non-invasive test such as a urine sample, even as an adjunct to predictive models, would represent a significant contribution to the diagnostic model. In particular, stratification by smoking history and by development of bladder cancer would allow for applications to distinct clinical scenarios. Second, there is the future possibility of prophylaxis by adjusting the microbiome of the genitourinary tract to influence outcomes that could range from disease progression to recurrence. By applying knowledge of the microbiomes in patients who do not develop bladder cancer, we may at some point be able to adjust the bladder microbiome to decrease the risk of bladder cancer development, perhaps by probiotic inoculation. Future studies can utilize the results of this initial study to investigate such therapeutic potential.

Conclusion {#S0005}
==========

This study contributes to the understanding of the male urinary microbiome and its potential relationship to the development of genitourinary malignancy. This single institutional study is the first to specifically address the potential interrelationship between tobacco exposure and development of urothelial carcinoma in the cotext of microbial changes. Although no significant differences were found amongst this small sample size, future studies can utilize the results of this initial study to investigate potential diagnostic and therapeutic interventions.
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